Root system architecture depends on endogenous and environmental signals, including polar transport of the phytohormone auxin, reactive oxygen species (ROS), nutrient availability, and stresses. In our study, we describe a novel Arabidopsis thaliana peroxisome-localized copper amine oxidase ζ (CuAOζ), which is highly expressed in cortical cells, and the ROS derived from CuAOζ are essential for lateral root (LR) development. Loss of CuAOζ results in retarded auxin-induced ROS generation, PINFORMED2 (PIN2)-mediated auxin transport, and LR development in response to added indole-3-butyric acid. Auxins enhance CuAOζ protein levels and their cellular translocation toward the plasma membrane in the cortex. CuAOζ interacts physically with PEROXINS5 via an N-terminal signal tag, Ser-Lys-Leu, and is transported into the peroxisome upon this interaction, which is required for the functions of CuAOζ in the auxin response. Together, our results suggest a peroxisomal ROS-based auxin signaling pathway involving spatiotemporaldependent CuAOζ functional regulation of PIN2 homeostasis, auxin distribution, and LR development.
Introduction
Plant roots provide structural support for the aerial portion of the plant, acquire nutrients and water, and monitor environmental conditions (Overvoorde et al., 2010; Petricka et al., 2012; Laskowski, 2013) . Root systems display considerable plasticity in response to the phytohormone auxin, reactive oxygen species (ROS), nutrient availability, and external stresses (Krouk et al., 2010; Tsukagoshi et al., 2010; GalvanAmpudia and Testerink, 2011; Giehl et al., 2012; Kazan, 2013; Adamowski and Friml, 2015) . Root branching through lateral root (LR) formation plays an essential role in the adaptability of the root system to its environment (Lavenus et al., 2013) . Arabidopsis LRs originate exclusively from pericycle cells adjacent to the protoxylem poles of the parent root, and additional anticlinal and periclinal divisions occur before LRs develop (Péret et al., 2009) .
Both shoot-and root-derived auxin pools are central regulators of LR development (Casimiro et al., 2001; Overvoorde et al., 2010) . Cell-to-cell movement of auxins involves several auxin-transporting proteins: AUXIN-RESISTANT1 (AUX1)/AUX1-LIKEs (LAXs) for auxin influx, PINFORMEDs (PINs), and several ATP-bindingcassette B (ABCB)/P-glycoprotein (PGP) members for auxin efflux (Grunewald and Friml, 2010; Barbez et al., 2012; Ganguly and Cho, 2013) . PIN mutations disrupt auxininduced LR primordia development (Benkova et al., 2003) , while increased LAX3 activity promotes cell separation in advance of developing LR primordia (Swarup et al., 2008) . Other regulatory molecules such as ethylene, cytokinin, ROS, and nutrients also mediate LR organogenesis (D'Haeze et al., 2003; Krouk et al., 2010; Lewis et al., 2011; Bielach et al., 2012; Giehl et al., 2012) .
ROS such as superoxide anions (O 2 · -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (OH·) function as ubiquitous signaling molecules that regulate multiple cellular pathways. Endogenous ROS signals are derived primarily from NADPH oxidase enzymes, mitochondria, the endoplasmic reticulum, and peroxisomes (Apel and Hirt, 2004; Reczek and Chandel, 2015) . Recent evidence indicates that changes in ROS levels fine-tune root development by changing auxin transport, directly or indirectly (Fernández-Marcos et al., 2013) . The disruption of cellular redox homeostasis by altering thioredoxin reductases and glutathione biosynthesis leads to a pinlike phenotype with defects in vasculature and secondary root growth (Bashandy et al., 2010) . Monothiol glutaredoxin (GRXS17) mutation results in the accumulation of ROS and altered auxin polar transport (Cheng et al., 2011) . ROS also mediate Nod factor responses that are required for nodule initiation in LRs (D'Haeze et al., 2003) . Arabidopsis mitogen-activated protein kinase 6 (mpk6) mutant seedlings produce more and longer LRs than wild-type (WT) plants after the application of nitric oxide (NO) and H 2 O 2 , suggesting that MPK6 regulates NO synthesis in response to H 2 O 2 during LR development (Wang et al., 2010) . Interestingly, root cellular proliferation and differentiation depend on the balance of O 2 -and H 2 O 2 (Tsukagoshi et al., 2010) . UPBEAT1 (UPB1), a transcription factor, directly regulates the expression of a set of peroxidases to modulate the balance of ROS between zones of cell proliferation and cell elongation, in an auxin-independent manner (Tsukagoshi et al., 2010) . Results from cell separation and transcriptional analyses using the S-phase marker kinase-associated protein 2B (SKP2B) demonstrated the importance of peroxidase activity and ROS signaling during LR development (Manzano et al., 2014) . To date, little is known about the function of endogenously produced H 2 O 2 in peroxisomes, especially in LR development (Corpas, 2015) .
As ubiquitous polycationic compounds, polyamines are oxidatively deaminated by two classes of amine oxidases: copper amine oxidases (CuAOs) and flavin-containing polyamine oxidases (PAOs) (Angelini et al., 2010; Kusano et al., 2015) . CuAO catalyzes the oxidation of the aliphatic diamines putrescine and cadaverine to produce H 2 O 2 , which plays essential roles in plant responses to salt stress, wound healing, host-pathogen interactions, and abscisic acid (ABA) signal transduction (Cona et al., 2006; An et al., 2008; Angelini et al., 2010; Qu et al., 2014) . The 10 Arabidopsis CuAOs can be classified into six types, α (3), β (1), γ (2), δ (2), ε (1), and ζ (1), based on gene architecture and sequence similarity (Qu et al., 2014) . Both CuAOα3 and CuAOζ are localized in peroxisomes (Planas-Portell et al., 2013; Qu et al., 2014) . Arabidopsis peroxisomal CuAOζ regulates ABAinduced ROS production and stomatal closure, independent of the phospholipase D (PLD) signal pathway (Qu et al., 2014) . Here, we show that Arabidopsis peroxisomal CuAOζ is localized in cortical and endodermal cells of the primary root (PR). CuAOζ interacts with PEROXINS5 (PEX5), which mediates its transport into peroxisomes. Auxins stimulate CuAOζ expression and its translocation toward the plasma membrane, leading to increased H 2 O 2 production and altered PIN2 expression and auxin distribution during LR development.
Materials and methods

Plant growth conditions and mutant isolation
Arabidopsis thaliana WT and mutant plants were of the Columbia ecotype. Seeds were sown on Murashige and Skoog (MS) medium (1% sugar and 1% agar) and kept at 4 °C for 2 d prior to transfer to a growth chamber at a light intensity of 160 µmol m -2 s -1 and a 14 h light/10 h dark cycle.
Homozygous cuaoζ (SALK _095214C) and pin2 (SALK_042899) lines were obtained from the Arabidopsis Biological Resource Center (ABRC) at Ohio State University (Qu et al., 2014) . The homozygous lines were confirmed by real-time PCR (RT-PCR). Arabidopsis lines upb1, P 35S :UPB1-3YFP (Tsukagoshi et al., 2010), pex5-10 (Khan and Zolman, 2010) , P DR5 :β-glucuronidase (GUS) (Stepanova et al., 2005) , P PIN1 :PIN1-yellow fluorescent protein (YFP) (Zhuang et al., 2006) , and P PIN2 :PIN2-green fluorescent protein (GFP) (Xu and Scheres, 2005 ) lines have been previously described. The homozygous double mutants used in this study were confirmed by PCR.
GUS activity and qRT-PCR
To create the P CuAOζ :GUS construct, a fragment containing 2100 bp upstream of the translation start site was amplified and inserted into a pCAMBIA1301 vector. The construct was then transformed into WT Arabidopsis plants using Agrobacterium tumefaciens (strain GV3101). Five-day-old P CuAOζ :GUS homozygous seedlings were used for histochemical localization of GUS activity in various tissues, except that 6-week-old plants were used for flower and silique tissues. Staining was performed in a solution containing 1 mM 5-bromo-4-chloro-3-indolyl-β-d-glucuronide, 10 mM phosphate buffer (pH 7.0), 0.05 mM potassium ferrocyanide, 0.05 mM potassium ferricyanide, 2 mM EDTA, and 0.1% (v/v) Triton X-100. Plants were incubated in staining solution at 37 °C for 12 h and then cleared with ethanol before observation.
The P DR5 :GUS reporter gene was introduced into the cuaoζ mutant and COM1 by genetic crossing, and homozygous individuals were isolated from the F 3 generation. Roots from 6-day-old seedlings with or without the indicated treatment were stained for GUS activity in GUS staining buffer. All samples were observed using a stereomicroscope or fluorescence microscope (Zeiss) equipped with a CCD camera.
Total RNA was extracted from tissues or expanded Arabidopsis leaves collected from different backgrounds. cDNA was synthesized from 1 mg of total RNA using an oligo(dT) primer and AMV reverse transcriptase (Promega). The CuAOζ transcript was amplified using the gene-specific primers CuAOζ-RT-L/CuAOζ-RT-R (see Supplementary Table S1 at JXB online). The expression of 10 Arabidopsis CuAO genes was detected by quantitative RT-PCR (qRT-PCR) using the primers CuAOs-PL/CuAOs-PR. The expression of DREB19 and ZAT12 was detected by the primers DREB19-L/DREB19-R and ZAT12-L/ZAT12-R, respectively. Actin 2 expression was analyzed as an internal control using primers Actin 2-L/Actin 2-R.
PCuAOζ:CuAOζ-GFP-SKL construction and expression in Arabidopsis, and immunoblotting To visualize CuAOζ in cells, DNA encoding a CuAOζ fragment (2100 bp upstream of the ATG initiation codon) of CuAOζ was amplified and inserted into a pSuper1300-GFP vector (Ni et al., 1995) . The full-length coding sequence of CuAOζ (2328 bp) without the stop codon was amplified and ligated to the N-terminus of GFP, and a TCAAAGCTT sequence was inserted into the C-terminus of GFP before the stop codon to generate an Ser-Lys-Leu (SKL) signal tag. The constructs were transformed into WT Arabidopsis plants by A. tumefaciens (strain GV3101). Homozygous lines were used for subsequent analyses.
To determine CuAOζ protein expression in roots, 5-day-old seedlings were treated with auxins or other drugs for various times before confocal observation. Pixel intensities were measured in the root cells and quantified using a Zeiss confocal software (version 2012) .
The roots from 7-day-old Arabidopsis seedlings of P CuAOζ :CuAOζ-GFP-SKL transgenic lines were used for protein extraction and western blotting according to the method of Zhang et al. (2009) .
Generation of CuAOζ-complemented and overexpressing
Arabidopsis lines DNA encoding full-length CuAOζ (2328 bp) and a CuAOζ fragment (2100 bp upstream of ATG) were amplified and inserted into a pSuper1300 vector by replacing the Super promoter from pSuper1300. The constructs were transformed into cuaoζ Arabidopsis plants by A. tumefaciens. For CuAOζ overexpression, the fulllength coding sequence of CuAOζ was amplified and inserted into a pSuper1300 vector (OE1 and OE2) or pSuper1300-GFP vector without the stop codon, with or without the SKL sequence at the C-terminus of GFP (P Super :CuAOζ-GFP-SKL and P Super :CuAOζ-GFP). The constructs were transformed into WT Arabidopsis plants by A. tumefaciens. Homozygous lines were used for subsequent analyses.
Root growth measurements
Six-day-old Arabidopsis seedlings were germinated in half-strength MS medium (1% sucrose and 1% agar) and then transferred to halfstrength MS plates containing various concentrations of drugs. Photographs were taken, and measurements including root length, total length of LRs of each seedling, and LR density were determined at varying times after transfer according to the method of Dubrovsky and Forde (2012) .
Yeast two-hybrid analysis and BiFC assay
For yeast two-hybrid analysis, DNAs encoding CuAOζ and PEX5 were introduced into the binding-domain (BD) vector (pGBKT7) and the activation domain (AD) vector (pGADT7), respectively. The constructs were co-transformed into the yeast strain Y2HGold. Interaction between CuAOζ and PEX5 was analyzed according to described yeast protocols (Takara, Japan).
For use in bimolecular fluorescence complementation (BiFC) assays, DNAs encoding CuAOζ and PEX5 were introduced into pUC-SPYNE and pUC-SPYCE vectors, respectively. The constructs were electroporated into A. tumefaciens (GV3101) and incubated in YEP medium overnight at 28 °C. Cells were harvested and resuspended in infiltration buffer (10 mM MgCl 2 , 10 mM MES, and 150 mM acetosyringone, pH 5.6). For co-infiltration, the two A. tumefaciens cultures were combined with an mCherry-SKL marker line and incubated at 23 °C for 4 h before infiltration. Fluorescence signals were examined using a Zeiss 780 confocal laserscanning microscope.
Detection of CuAO activity, ROS treatments, and staining
CuAO activity was determined according to An et al. (2008) with minor modifications. The reaction solution contained sodium phosphate buffer (100 mM, pH 6.5), horseradish peroxidase (25 U), 35 μM 4-aminoantipyrine, 1 mM 3, 5-dichloro-2-hydroxybenzenesulfonic acid (DCHBS), and 0.15 ml of crude enzyme extracts. The reaction was initiated by putrescine, and was incubated at 30 °C for 30 min. The changes in absorbance (550 nm) resulting from CuAO enzyme activity were recorded in a spectrometer (Shimadzu UV-1700). One unit of CuAO enzyme represents the amount of enzyme that catalyzes the oxidation of 1 μmol of substrate min -1 . To avoid the oxidative damage of H 2 O 2 for seedlings, Arabidopsis seedlings were pre-treated with H 2 O 2 for 2 d, and then transferred to normal half-strengh MS medium for 5 d before LR analysis. For P DR5 :GUS activity, 5-day-old seedlings of different backgrounds were transferred from half-strength MS medium to medium containing H 2 O 2. After incubation for various times, the roots were assayed for P DR5 :GUS activity and examined for changes in root architecture.
Seedlings were incubated in the cell-permeable fluorescent probe BES-H 2 O 2 -AC (WAKO, Japan) at a concentration of 5 mM in incubation buffer (10 mM MES-KOH, pH 6.1) for 30 min before auxin or drug treatment. Pixel intensities were measured in the root cortical cells, which were located manually on confocal images and measured using Zeiss confocal software (version 2012).
For 3, 3′-diaminobenzidine (DAB) staining, the seedlings in different backgrounds were treated with indole-3-butyric acid (IBA) for 3 h, and then incubated with 1 mg ml -1 DAB solution for 6 h followed by fixation of the roots with ethanol.
Accession numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank databases under the following accession numbers: CuAOζ (At2G42490), UPB1 (AT2G47270), PEX5 (AT5G56290), PIN1 (AT1G73590), PIN2 (AT5G57090), AGL14 (At4G11880), AGL21 (At4G37940), IDD14 (At1G68130), IDD15 (AT2G01940), IDD16 (AT1G25250), and MYB88 (At2G02820).
Results
Expression pattern of CuAOζ
To determine the expression of CuAOζ in tissues and organs, we generated CuAOζ promoter:GUS fusion (P CuAOζ :GUS) transgenic plants and examined the GUS activity of 12 independent P CuAOζ :GUS transgenic lines. An analysis of GUS activity revealed ubiquitous CuAOζ expression in young seedlings (Fig. 1A) . High-level GUS activity was observed in leaf veins (Fig. 1B) , LRs (Fig. 1C) , flowers ( Fig. 1D , E), and young siliques (Fig. 1F ), but not seeds (Fig. 1H) . CuAOζ appeared to be strongly expressed in distinct groups of cells types in the developing primordia, and in the bases of emerged LR primordia ( Fig. 1I-O) . CuAOζ mRNA transcript levels in various tissues were further confirmed by qRT-PCR analysis (Fig. 1P) .
The fusion protein consisting of GFP fused to full-length CuAOζ upstream of the N-terminal signal tag SKL under its native promoter (P CuAOζ :CuAOζ-GFP-SKL) was transiently co-expressed with several fluorescent markers in Nicotiana benthamiana. Confocal microscopy showed that CuAOζ-GFP was located in peroxisomes, but not chloroplasts, the Golgi, or mitochondria ( Supplementary Fig. S1 ). We further explored the precise cellular localization of CuAOζ in root tissues using transgenic lines expressing P CuAOζ :CuAOζ-GFP-SKL. In seedlings 5 d after germination, we observed high GFP fluorescence in whole seedlings ( Fig. 2A) . In the PR, punctuate GFP expression in peroxisomes was higher in cortical and endodermal cell layers of the meristem and the transition zone, and in root columella in contrast to that in the epidermal cells ( Fig. 2B-D) , which differed from the GUS staining with a lower signal in the meristem and root cap, suggesting that the CuAOζ protein might move from the transition and elongation zone to function in the cortical cells in the meristem. Higher CuAOζ protein levels were also observed in developing primordia (Fig. 2E-H) , suggesting a putative function for CuAOζ in LR development. Interestingly, in mature LRs, CuAOζ expression levels appeared similar among cells of the epidermis, cortex, and endodermis ( Fig. 2I-K) .
CuAOζ-derived H 2 O 2 is required for auxin-induced LR development
In peroxisomes, IBA undergoes β-oxidation to form indole-3-acetic acid (IAA), resulting in PR inhibition and LR development (Hu et al., 2012) . Given that CuAOζ is imported into peroxisomes (Qu et al., 2014) and strongly expressed in developing primordia and mature LRs, we decided to test if CuAOζ and its product H 2 O 2 mediate IBA-induced root formation in Arabidopsis using the CuAO-specific irreversible inhibitors, aminoguanidine (AG) and 2-bromoethylamine (BEA) . As shown in Supplementary Fig.  S2 , exogenous application of IBA inhibited PR growth and enhanced LR growth in WT Arabidopsis. Furthermore, AG or BEA significantly inhibited IBA-induced LR development in a concentration-dependent manner. However, no obvious difference was observed in auxin-inhibited PR growth, with or without inhibitors ( Supplementary Fig. S2 ). Remarkably, dimethylthiourea (DMTU), a scavenger of H 2 O 2 , almost fully arrested IBA-induced LR development, and inhibited PR growth with or without added IBA ( Supplementary Fig.  S2A-C) . These results indicate that the CuAO-derived H 2 O 2 is essential for IBA-induced LR development.
To investigate further if CuAOζ is involved in IBAinduced LR development, we next examined the phenotype of a CuAOζ knockout mutant (cuaoζ), which did not significantly affect the expression of other CuAO genes except for an increase in CuAOγ2 ( Supplementary Fig. S3A, B ; Qu et al., 2014) . The knockout of CuAOζ led to a dramatic decrease in total CuAO activity (Supplemental Fig. S3C ). As shown in Fig. 3A-D , under standard experimental conditions without added IBA, no apparent growth or root development was observed in the cuaoζ mutant compared with WT plants. However, the knockout of CuAOζ resulted in decreased LR density and length compared with WT plants after IBA treatment, whereas no obvious difference in PR length was observed in both backgrounds (Fig. 3A-D) . For example, with 10 μM IBA, the mean LR lengths in WT and cuaoζ were 8.75 ± 0.50 cm and 6.29 ± 0.29 cm, respectively. Moreover, the cuaoζ mutant allele exhibited reduced numbers of LR primordia in the earliest developmental stages after IBA treatment compared with WT plants (Fig. 3E) . We then transformed a P CuAOζ :CuAOζ construct into the cuaoζ mutant to complement CuAOζ expression. More than 12 transgenic lines were obtained and representative transgenic lines (COM1 and COM2) were used for further analysis. RT-PCR analysis revealed that CuAOζ introduction restored CuAOζ expression in two independent complemented lines (Supplementary Fig. S3A ). As expected, the root system architecture in the COM1 and COM2 lines was indistinguishable from that in WT plants, in the presence and absence of IBA (Fig. 3F-H) ; this led us to conclude that peroxisomal CuAOζ is required for IBA-induced LR development.
We next determined H 2 O 2 levels in PR using an H 2 O 2 -specific indicator, BES-H 2 O 2 -AC (Tsukagoshi et al., 2010) . Under standard conditions without IBA, strong GFP fluorescence was observed in the columella, the LR cap, and the epidermis, but not the cortex. Cortical fluorescence, near the plasma membrane, was increased significantly after IBA treatment in the WT and COM1, but not cuaoζ (Fig. 4A, B ). Similar changes in the H 2 O 2 signal were also observed by DAB staining (Fig. 4A) . We also analyzed the expression of the ROS-responsive gene DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 19 (DREB19) and the abiotic stress-responsive gene ZAT12 (Rizhsky et al., 2004; Mehterov et al., 2012) . Treatment with IBA for 15 min resulted in obvious increases in the expression of DREB19 and ZAT12 in WT roots, but not in cuaoζ (Fig. 4C) . Furthermore, addition of H 2 O 2 to the medium led to more and longer LRs, and the WT and cuaoζ lines exhibited similar root developmental phenotypes under H 2 O 2 treatment (Supplementary Fig. S4 ). Together, these results reveal that CuAOζ-derived H 2 O 2 regulates IBA-induced LR development. 
CuAOζ expression and recruitment to the plasma membrane under auxin treatment
The results of our qRT-PCR analysis showed that IBA obviously enhanced CuAOζ expression after IBA treatment for 0.5 h (Fig. 5A, B) . Next we determined the cortical CuAOζ protein levels in IBA-treated Arabidopsis plants stably transformed with P CuAOζ :CuAOζ-GFP-SKL. As shown in Fig. 5C and D, IBA treatment led to a significant increase in CuAOζ-GFP fluorescence after 3 h. Expression remained high 24 h after auxin treatment, and then decreased after 48 h. These results were further confirmed by western blotting using anti-GFP antibody (Fig. 5D, inset) . Interestingly, within 3-12 h after transfer to a medium containing IBA, cortical CuAOζ-GFP fluorescence accumulated near the plasma membrane of the transition zone, which dramatically increased after 12 h, and remained at a high level even after 48 h of IBA treatment (Fig. 5C, E) .
Next we examined whether Arabidopsis CuAOζ could respond to other auxins such as the natural auxin IAA and the synthetic auxins 1-naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D). Unexpectedly, both IAA and 2,4-D promoted LR development in the WT, which was alleviated in cuaoζ (Fig. 6A, B) . In contrast, no obvious differences in root development were observed between WT and cuaoζ mutant plants under NAA application (Fig. 6A, B) . Confocal microscopy showed that both IAA and 2,4-D enhanced CuAOζ-GFP fluorescence and its accumulation Insets show western blots of CuAOζ protein levels using anti-GFP antibody. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein was probed as an internal control. (E) Ratio of GFP in the plasma membrane to total cell fluorescence (n >30 cells from six roots). *P<0.05 and **P<0.01, compared with control without auxin treatment. (This figure is available in colour at JXB online.) near the plasma membrane after 12 h of treatment, whereas NAA had no effect on CuAOζ (Fig. 6C-E) . From these results, we concluded that CuAOζ responds to specific auxins to regulate LR development.
Spatial expression is required for CuAOζ function in LR development
In light of the above results, we wanted to determine if CuAOζ overexpression would enhance IBA-induced LR development. To address this issue, we generated Arabidopsis transgenic lines expressing a CuAOζ transcript under the control of the Super promoter (a hybrid promoter combining a triple repeat of the A. tumefaciens octopine synthase activator sequences along with the mannopine synthase activator elements fused to the mannopine synthase promoter) in a WT background (Ni et al., 1995) . RT-PCR analyses showed that CuAOζ expression levels were increased significantly in Arabidopsis overexpressing CuAOζ compared with the WT ( Supplementary  Fig. S3A ). Regarding auxin-related phenotypes including LR density and length, we found that CuAOζ overexpression did not increase exogenous IBA-induced CuAOζ effects (Fig. 7A-C) . To determine the functional specificity of CuAOζ in overexpressing lines, we generated transgenic lines expressing either CuAOζ-GFP-SKL (P Super :CuAOζ-GFP-SKL) or CuAOζ-GFP without the SKL signal tag (P Super :CuAOζ-GFP) under the control of the Super promoter in a WT background. Confocal microscopy showed that the GFP signal in a P Super :CuAOζ-GFP-SKL transgenic line accumulated in peroxisomes, whereas the GFP signal in a P Super :CuAOζ-GFP transgenic line appeared to be predominantly cytoplasmic (Fig. 7D) . Remarkably, the GFP signal was strongly restricted to the epidermal cells, root cap cells, and, to a lesser extent, the stele in the elongation zone of the roots, with CuAOζ-GFP expression profiles appearing different from those of lines expressing CuAOζ under the control of the CuAOζ promoter (Figs 2B, 7D) . Moreover, exogenous application of IBA, in the ectopic expression lines with the constitutive Super promoter, did not result in detectable effects on auxin-promoted CuAOζ expression or H 2 O 2 generation (Fig. 7D, F, G; Supplementary Fig. S5 ). These results suggest that Arabidopsis CuAOζ may function specifically in the cortical cells, depending on its spatiotemporal expression, to regulate IBA-induced LR development.
Peroxisomal localization is required for CuAOζ function in LR development
Cytosolic PEX5 recognizes its cargo proteins via an interaction with the C-terminal tripeptide peroxisomal targeting signal type 1 (PTS1). Arabidopsis CuAOζ contains a canonical SKL tripeptide at the C-terminus which is recognized by PEX5 and targets CuAOζ to the peroxisome matrix (Khan and Zolman, 2010; Planas-Portell et al., 2013; Qu et al., 2014) . Using a yeast two-hybrid system, we observed the growth of yeast that co-expressed BD-CuAOζ and AD-PEX5 on interaction-selective medium ( Fig. 8A; Supplementary Fig.  S6A ). We next sought to verify the putative interactions by BiFC experiments in transiently transformed N. benthamiana leaves. YFP fluorescence formed by the assembly of YNCuAOζ and PEX5-YC complexes accumulated predominantly in the peroxisome, co-localizing with the peroxisomal marker mCherry-SKL ( Fig. 8B; Supplementary Fig. S6B ). These results suggest that the interaction of CuAOζ with PEX5 occurs in peroxisomes.
The T-DNA insertional mutant of Arabidopsis PEX5 (pex5-10) exhibits defects in germination, reduced β-oxidation of seed storage fatty acids, and disrupted auxin-induced LR development (Adham et al., 2005; Khan and Zolman, 2010; Hu et al., 2012) . A cuaoζpex5-10 double mutant was produced by crossing and confirmed by RT-PCR. The double mutant showed an additive auxin-insensitive phenotype compared with cuaoζ or pex5-10 seedlings, including changes in LR density and length (Fig. 8C, D) .
To dissect further, genetically, the effect of CuAOζ peroxisomal localization in cellular response to auxin, a CuAOζ-complementing construct without the SKL tripeptide under the CuAOζ promoter (P CuAOζ :CuAOζ-ΔSKL) was introduced into the cuaoζ mutant. Two complemented lines (COM3 and COM4) from >14 transgenic lines rescued CuAOζ expression as detected by RT-PCR (Supplementary Fig. S3A ). The COM3 and COM4 lines had phenotypes similar to the parental cuaoζ mutant, indicating that CuAOζ-ΔSKL did not restore the phenotypic defects, including IBA-enhanced LR development and cortical ROS production, found in cuaoζ mutants ( Fig. 8E-I; Supplementary Fig. S5 ). These results strongly suggest that peroxisomal localization of CuAOζ is required for its functions in response to auxin.
CuAOζ alters auxin distribution in the PR via the auxin efflux carrier PIN-FORMED 2
Various environmental and hormonal signals contribute to LR growth, and auxins are critical regulators of all stages of lateral development. We therefore examined whether CuAOζ affects auxin distribution in the PR by analyzing the activity of the auxin-responsive synthetic promoter P DR5 :GUS under IBA treatment. As shown in Fig. 9 , no differences in GUS activity and distribution patterns were detected among WT, cuaoζ, and COM1 background lines, and all exhibited higher GUS expression at the tips of the PR. Application of IBA induced auxin accumulation in the elongation zone of PRs both in WT and in COM1, whereas a weaker P DR5 :GUS signal was observed in cuaoζ. Moreover, H 2 O 2 also enhanced apical auxin accumulation in a dose-dependent manner, and no obvious differences among these lines were observed (Fig. 9 ). These results demonstrate that CuAOζ-derived H 2 O 2 mediates auxin distribution in the PR to regulate LR development.
PIN proteins are a plant-specific family of transmembrane transporters which act in the efflux of auxins from cells, and exhibit diverse tissue distribution and subcellular localization. We observed that higher expression of CuAOζ led to increased H 2 O 2 generation that was localized primarily in cortical cells. Furthermore, PIN2 is localized in cortical and epidermal cells. Therefore, we decided to test whether CuAOζ affected PIN2 expression under auxin treatment. Auxin transcriptionally induces PIN expression and posttranscriptionally down-regulates PIN proteins (Vieten et al., 2005) . In contrast to WT and COM1 (P CuAOζ :CuAOζ) plants, which exhibited ~40% decreases in mean PIN2 abundance under IBA treatment, cuaoζ and COM3 (P CuAOζ :CuAOζ-ΔSKL) exhibited 73% and 54% decreases in PIN2 signals, respectively (Fig. 10A, B) . We next tested whether PIN2, serving as a target of CuAOζ, could mediate LR development. As shown in Fig. 10C -E, the knockout of PIN2 led to retarded IBA-and H 2 O 2 -induced LR development. In addition, CuAOζ did not affect PIN1 protein levels with IBA application (Supplementary Fig. S7 ). These results show that CuAOζ-derived H 2 O 2 mediates auxin distribution and LR development via PIN2 protein expression, and CuAOζ peroxisomal localization is required for this process.
Discussion
Peroxisomes are highly dynamic, metabolically active organelles involved in fatty acid β-oxidation, the glyoxylate cycle, photorespiration, and ROS homeostasis (Apel and Hirt, 2004 ; Hu et al., 2012) . Peroxisome-specific H 2 O 2 is generated by diverse enzymes that mediate cell division (Douce and Neuburger, 1999; Goyer et al., 2004; Arent et al., 2008; Tiew et al., 2015) , respiration (Andronis et al., 2014; Corpas, 2015) , salt responses, and ABA signaling (Qu et al., 2014) . Here, we showed that peroxisomal CuAOζ regulates the IBA-induced ROS balance to mediate PIN2 expression and LR development.
Diverse functions of ROS in regulation of plant root development
An analysis of a large set of genes involved in root system formation showed that peroxidase activity and ROS signaling are specifically required for LR development (Cheng et al., 2011; Manzano et al., 2014; Orman-Ligeza et al., 2016) . ROS (O 2 · -/H 2 O 2 ) distribution in roots is important for the transition from proliferation to differentiation, which is directly controlled by the transcription factor UPB1 via the regulation of peroxidase activity in Arabidopsis, independent of auxin signaling (Tsukagoshi et al., 2010) . Interestingly, the deletion of both RbohD and RbohF, which increases O 2 · -levels but not H 2 O 2 levels, results in earlier LR emergence and an enhanced density of LR primordia (Li et al., 2015) . In this study, we found that Arabidopsis CuAOζ-derived ROS regulate redox homeostasis and auxin distribution in cortical cells. Inhibition of CuAO activity or knockout of CuAOζ led to obvious inhibition of ROS generation and auxin apical translocation, resulting in dramatically decreased LR density and length. Notably no obvious lateral phenotypes were observed in either background under normal growth conditions, suggesting that various isoforms of amine oxidases are functionally redundant, such as CuAOα3 and PAOs (PAO2, PAO3, and PAO4), which are also localized in the peroxisome and exhibit diverse substrate specificity and cellular functions (Kamada-Nobusada et al., 2008; Planas-Portell et al., 2013) . Moreover, CuAOζ may regulate LR development in adaptive responses to external stresses, such as salinity and drought (Qu et al., 2014) . Fig. 9 . Auxin-responsive Pro DR5 :GUS expression in PR is affected by cuaoζ mutation. The 8 h GUS staining pattern in PR apices from WT, cuaoζ, and COM1 plants after IBA and H 2 O 2 treatment. Representative images of at least 12 independent trials per treatment are shown. IBA, 10 μM; H 2 O 2 , 2.5 mM. Scale bar=100 μm.
Spatiotemporal regulation of Arabidopsis CuAOζ is required for its function in the auxin response
Arabidopsis CuAOζ expression was strong in cells of the cortex and endodermis from the meristematic and transition zone, and was enhanced by specific auxins. CuAOζ translocated toward the plasma membrane; this was an upstream event in response to auxin signaling that was independent of its enzymatic activity, ROS levels, vesicle transport, and auxin polar transport (Supplementary Figs S8, S9) . CuAOζ overexpression resulted in ectopic CuAOζ expression in cells of the epidermis that did not respond to auxin based on analyses of protein levels, cellular translocation, and LR development, suggesting that the spatiotemporal expression of Arabidopsis CuAOζ in cortical cells controls its involvement in the auxin response and in LR development. In roots, the transcription factor UPB1 modulates the balance of ROS between the zone of cell proliferation and the zone of cell elongation by mediating peroxidase activity (Tsukagoshi et al., 2010) , which might mediate CuAOζ spatiotemporal expression.
PEX5 is a receptor which recognizes target proteins containing the preferred consensus sequence SKL, for matrix protein import. Deletion of PEX5 results in germination defects, disrupted metabolism of IBA to IAA, and delayed LR development in response to auxin (Zolman et al., 2000; Ramón and Bartel, 2010; Khan and Zolman, 2010) . Our results show that Arabidopsis CuAOζ is transported into peroxisomes upon interaction with PEX5 ( Fig. 8 ; Planas-Portell et al., 2013; Qu et al., 2014) . Deletion of SKL did not restore the cuaoζ phenotype under conditions of IBA-induced increases in ROS levels, decreased PIN2 expression, and inhibition of LR development, suggesting that peroxisomal localization of CuAOζ is required for its function in response to auxin signaling.
CuAOζ and PIN2 interaction reveals a regulatory mechanism for auxin distribution and LR development
Polarized localized transport facilitators of PINs contribute to polar auxin flow, and auxin feedback regulates PIN gene expression, protein stability, and polar distribution to guide its transport in a tightly controlled, cell type-dependent manner (Sieberer et al., 2000; Vieten et al., 2005; Sauer et al., 2006; Garay-Arroyo et al., 2013) . Local auxin application leads to rearrangements in the subcellular polar localization of PINs, independent of transcriptional control, in a cell type-specific manner, and involves the Aux/IAA-ARF (indole-3-acetic acid-auxin response factor) signaling pathway (Sauer et al., 2006) . High concentrations of auxin down-regulate PIN1 and PIN2 protein expression post-transcriptionally (Vieten et al., 2005) , and peroxisomal CuAOζ-derived H 2 O 2 is involved in regulating PIN2 protein levels in a cell type-specific manner.
Although accumulating evidence suggests that ROS are crucial for auxin biosynthesis, metabolism, distribution, and transport (Pasternak et al., 2005; Blomster et al., 2011) , the molecular convergence points between ROS network components and auxin are still unknown (Tognetti et al., 2012) . Our experimental results indicate that peroxisomal CuAOζ-derived H 2 O 2 modulates auxin distribution by specifically regulating PIN2 expression, but not PIN1, suggesting a cellspecific effect of CuAOζ-derived H 2 O 2 on auxin regulation. In addition, CuAOζ was expressed in the root cap, where the conversion of IBA into IAA controls root branching and the synchronous bursts of cell death regulate pulses of auxin to establish the pattern for LR formation. (De Rybel et al., 2012; Xuan et al., 2015 Xuan et al., , 2016 Möller et al., 2017) .
Oxidative stress affects auxin stability through the activation of peroxidases, and intercellular ROS mediate PIN expression by affecting auxin transcriptional repressors and/ or factors, such as AGLs and IDD proteins (Tognetti et al., 2012) . The transcription factors ARF7 and FLP mediate PIN3 transcription during LR development (Chen et al., 2015) , while the MADS-box transcription factors XAANTAL2 (XAL2/AGL14) and INDETERMINATE DOMAIN (IDD) are direct regulators of PIN1 and PIN4 (Garay-Arroyo et al., 2013) . Disruption of CuAOζ down-regulated the expression of AGL14, AGL21, IDD14, and IDD16 after IBA treatment ( Supplementary Fig. S10 ). In addition, the crosstalk between ROS and the auxin signaling pathways appear to be involved in the ROS-dependent mitogen-activated protein kinase (MAPK) cascade. MPK6 interacts with NIA2 to modulate NO production and signal transduction in response to H 2 O 2 during Arabidopsis LR development (Wang et al., 2010) .
Based on these results, we hypothesize that CuAOζ has a putative role in the regulation of PIN2 expression to mediate LR development. CuAOζ is transported into the peroxisome by PEX5, where it responds to auxin signals to generate H 2 O 2 , which mediates auxin distribution and LR development via the modulation of PIN2 expression (Fig. 10F) .
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